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Abstract—Vehicle-to-vehicle (V2V) communication based col-
lision avoidance systems detect if two vehicles are on a collision
course, which are particularly useful in the absence of line-of-
sight (LOS) owing to buildings, roadside infrastructures, and
road bending. This paper presents an empirical study of V2V
propagation channels in two suburban cross-road scenarios,
where vehicles are either moving in the same direction and
separate each other, or passing each other in opposite directions
at the crossing. The quasi-stationarity interval is characterized
using correlation matrix distance (CMD). Angular dispersions
are found to be signiﬁcantly affected by the type of cross-road
and the presence of a LOS. By comparing the results of the
different cross-roads, it is found that the angular dispersion is
large in the ﬁrst type of cross-road. By contrast, in the second
type of cross-road, small angular dispersion is observed due to
the road bending and obstruction by roadside trees.
Index Terms—Angular dispersion, cross-road, propagation,
vehicle-to-vehicle communications.
I. INTRODUCTION
RESEARCH into vehicle-to-vehicle (V2V) communica-tions has recently gained strong momentum [1]. Of par-
ticular interest are the communication-based collision avoid-
ance systems that detect if two vehicles are on a collision
course. By exchanging vehicle-based data such as position
and speed, V2V communications enable every vehicle to
sense threats, and to take preemptive actions to avoid crashes
in scenarios such as urban intersections, cross-roads, and
highway merging lanes. In those scenarios, the line-of-sight
(LOS) is mostly unavailable because of buildings, roadside
infrastructures, and road bending, which signiﬁcantly affect-
s the communication performance [2]. Compared with the
intermittent blocking by large vehicles on the road [3], the
radio channel characterization in the aforementioned scenarios
is a challenging task because: i) the cross-road/intersection
scenarios lead to non-LOS (NLOS) propagation for longer
periods; ii) the vehicles in the cross-road/intersection scenarios
mostly are moving on different roads, and may suffer from
distinct scattering environments; and iii) large delay and
angular dispersions occur due to the bend of road at crossing
and the obstructions by roadside infrastructures.
While most of the research focused on V2V channels in
suburban, urban, rural, and highway scenarios in the past
few years, e.g., [4]–[6], only few papers investigated the
cross-road/intersection scenarios. In [7], a double directional
analysis of V2V channels in urban intersections is conducted,
and single-bounce reﬂections with static objects often are
the dominating propagation mechanisms in NLOS regions.
In [8], results of a 5.9 GHz V2V performance measurement
campaign in four different urban intersections under NLOS
conditions are reported, and reliable communication ranges are
determined. In [9], path loss and fading models are proposed in
NLOS urban intersections based on measurements. In [10], it
is found that highway merging lane scenarios are more safety
critical than urban intersections owing to the reduced number
of scatterers that contribute to the signal power. In [11],
angular and delay spreads are experimentallly characterized
in highway merging lane scenarios.
The above overview illustrates that suburban cross-roads,
described by ﬂexible Y-shaped or T-shaped structures as shown
in Fig. 1, are largely neglected in terms of channel modeling.
At the same time, models can hardly be adapted from those
used in urban or highway scenarios. Indeed, by contrast to
highway merging/changing lane scenarios, roadside trees in
Fig. 1(a) block the LOS component so that the vehicles
move on the roads with distinct scattering environments. In
addition, Fig. 1(b) and (c) reveal that the NLOS is mostly
caused by the road bending rather than by nearby buildings.
To ﬁll the gap, measurements in the suburban cross-road
scenarios of Fig. 1 have been carried out using a 4×30 MIMO
system at 5.3 GHz, as described in Section II. In Section III,
we discuss propagation mechanisms based on a directional
analysis. Finally, Section IV concludes the paper.
II. EXPERIMENTAL SETUP
A. Measurement Equipment
The measurements were conducted by means of Aalto
channel sounder [12] at 5.3 GHz (which is close enough
to the 5.9 GHz V2V band) using a bandwidth of 60 MHz.
The snapshot repetition rate was 66.7 Hz so that the snapshot
interval is 15 ms. The transmit power was set to be 36 dBm.
A dual-polarized semi-spherical antenna array was used at
the receive (Rx) side, which consists of 15 dual-polarized
2Fig. 1. Top views of the measurements in the cross-road scenarios.
elements (i.e. 30 feeds). A Uniform Linear Array (ULA) with
4 vertically polarized antennas was used at the transmit (Tx)
side. Therefore, the measured MIMO channel matrix was
NRx × NTx = 30 × 4. More details of the Aalto channel
sounder and antenna system can be found in [12].
B. Environments
The measurement campaign was conducted in the suburban
area of Tapiola, Finland. Tx and Rx antenna arrays were
mounted on a wooden platform on the roof of two compact
cars. During the experiment, the vehicles’ average speed was
10 km/h, and the trafﬁc was between light and medium. Two
cross-roads are considered in the following. For the ﬁrst cross-
road, as shown in Fig. 1(a), there are some roadside buildings
with a height of 5 m as well as some trees around. For the
second cross-road, as shown in Fig. 1(b), there are many trees
around, and the cross-road is bended, which leads to blocked
LOS when two cars are far from each other. Three scenarios
were measured:
• Scenario 1: two cars were traveling in separate directions
after passing the cross-road, as in Fig. 1(a). Before they
separate, the Rx car was always traveling ahead of the
Tx one. In this case, after the two cars separate, the LOS
is fully blocked by roadside buildings and trees.
• Scenario 2: two cars drove in opposite directions and
passed a cross-road, as in Fig. 1(b). Note that the road
is bent at the crossing and that Tx and Rx vehicles
were approaching each other from quasi-perpendicular
directions, so that the LOS is fully blocked by the trees
before and after the crossing.
• Scenario 3: using the same cross-road as scenario 2, the
Rx was static and parked at the level of the crosswalk.
The reference direction of the Rx antenna array points
towards the direction of the green arrow, as in Fig. 1(c).
The Tx car moved along the red route and passed the
Rx car. The LOS is also fully blocked at the start and
end parts of the route owing to the road bending and
surrounding trees.
To characterize V2V radio propagation in cross-road areas,
we identify in each dataset: 1) the LOS region: both cars share
the same scattering environments; and 2) the NLOS region:
due to the crossing, the LOS is fully blocked by buildings and
trees.
III. RESULTS
In this section, we present empirical studies of angular
dispersion in above cross-road scenarios. Before that, a quasi-
stationarity interval should be deﬁned so that the channel
parameters can be evaluated within each quasi-stationarity
window [13], [14]. We use the correlation matrix distance
(CMD) with a threshold of 0.2 [15], which is a measure of
the spatial structure of the channel, to evaluate the quasi-
stationarity in the LOS and NLOS regions, respectively. The
detailed implementation of CMD can be found in [16]–[18].
After obtaining the quasi-stationarity time interval, the quasi-
stationarity distance can be calculated as the product of the
quasi-stationarity time by the average speed. It is found that
the mean value of the quasi-stationarity distances in LOS and
NLOS regions are 4.52 m and 2.71 m, respectively.
To investigate the propagation mechanisms in cross-road
environments, a directional analysis is performed using the
Bartlett beamformer [19]
Pang(φ, θ, t, τq) = α
H(φ, θ) ·R(t, τq) ·α(φ, θ) , (1)
where t is time, τp is the pth delay bin, φ and θ are the angles
of azimuth and elevation, respectively. Since the number of
Tx elements is small, which limits the resolution of the
analysis in the direction-of-departure (DOD) domain, we only
consider the direction-of-arrival (DOA) domain in this paper.
The correlation matrix
R(t, τq) =[[
1
(NTx)
2
(
NTx∑
nT=1
h(nT, t, τq)
)(
NTx∑
nT=1
h(nT, t, τq)
)H]]
,
(2)
where h(nT, t, τq) is the impulse response vector at Rx side
for the nTth Tx antenna with delay τq and time t. [[·]] operator
averages term (·) over time t within each quasi-stationarity
region. The steering vector α(φ, θ) is deﬁned as the projection
of the array manifold onto the polarization direction of the
incident signal [20], expressed as
α(φ, θ) = A(φ, θ) · pˆ , (3)
where A(φ, θ) is the embedded pattern of antenna containing
the electric ﬁeld with its polarization at the corresponding
angle of arrival, and pˆ is the polarization of the incident
wave. In this paper, we only consider co-polarization case. By
identifying the peaks in the angular spectrum of the Bartlett
beamformer, the angles of incidences are obtained. A cutoff
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Fig. 2. Example plots of the azimuth and elevation of DOA estimates
in NLOS region for the snapshots at 42 s, from scenario 1. The color bar
represents the propagation distance (in meter) of each MPC. The size of the
circles depicts the power carried by each MPC.
threshold of 20 dB below the strongest path was applied in
the peak search to ensure that only the effective multipath
components (MPCs) are used.
Examples of the estimated DOA of MPCs are shown for
NLOS regions in Fig. 2 and Fig. 3. We normalize the angular
spectrum to its maximum value in each quasi-stationarity
region, and represent the MPC delay in terms of propagation
distance (which is the product of delay by the speed of light).
In the LOS region (the results in which are not presented due to
space limitation), a small angular spread is generally observed,
where most of the MPCs are aligned with the LOS component.
In Fig. 2, it is found that in NLOS, the MPCs have a larger
azimuth spread in scenario 1. This is because when the LOS is
blocked by the buildings and trees between the two roads of
the NLOS region, MPCs arrive at Rx either by diffractions
over buildings/trees, or by going through opening between
trees and infrastructures. In both cases, a large azimuth spread
is possible. Meanwhile, in scenarios 2 and 3, the azimuth
spread is smaller than in scenario 1, as shown in Fig. 3. For
example, most MPCs in Fig. 3 correspond to the directions
pointing along the road. This is because in scenarios 2 and 3,
the main contributions of MPCs come from the propagation
along the road track via multiple reﬂections/scatterings. The
azimuth spread is thus in that case mostly impacted by the
width of road1.
To further characterize the angular dispersion, the RMS
azimuth direction spread φrms is calculated using the method
in [21]. We only consider the AOA domain because in
our scenarios, the distribution of scatterers does not change
signiﬁcantly in the elevation domain, generally remaining
in the horizontal plane (parallel to the ground surface). A
direction spread equal to one indicates that the signal arrives
at the receiver uniformly spread over all directions, whereas
a direction spread equal to zero implies that the signal arrives
1In our measurements, the road is surrounded by roadside trees and
infrastructures.
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Fig. 3. Example plots of the azimuth and elevation of DOA estimates in
NLOS region for the snapshots at 9 s, from scenario 3. The color bar represents
the propagation distance (in meter) of each MPC. The size of the circles
depicts the power carried by each MPC.
TABLE I
STATISTICS OF AZIMUTH DIRECTION SPREAD.
Statistic LOS
NLOS region
Scenario 1
NLOS region
Scenarios 2 and 3
mean 0.13 0.41 0.14
std 0.13 0.14 0.15
from a single direction. In our measurements, the largest
azimuth direction spread is observed in the NLOS region
of scenario 1, whereas for scenarios 2 and 3, the azimuth
direction spread is generally less than 0.2, even in NLOS
regions.
Fig. 4 shows the CDFs of the estimated φrms in LOS
and NLOS regions, where the results of scenario 1 in NLOS
are treated separately. It is found that the NLOS region of
scenario 1 exhibits the largest azimuth direction spread, while
the azimuth spread in scenarios 2 and 3 in NLOS is close
to the LOS results. This follows our previous arguments that
the azimuth direction spreads in scenarios 2 and 3 are limited
by the road width, therefore, both LOS and NLOS conditions
generally lead to similar direction spread. In that case, we may
safely assume that most signiﬁcant scatterer contributions stem
from the roadsides (which are probably as strong as the LOS
contribution) and are concentrated in the directional domain.
Table I summarizes the statistics of φrms. For comparison, [7]
shows that in urban intersection scenario the RMS azimuth
direction spread generally ranges from 0.4 to 0.9, which is
higher than our measurements, probably due to the richer
scattering in urban intersections.
IV. CONCLUSION
In this paper, we investigate 5.3 GHz radio propagation
characteristics for V2V safety applications in suburban cross-
road environments. Measurements were conducted in two
types of suburban cross-road scenarios. The quasi-stationarity
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Fig. 4. CDFs of the RMS azimuth spread in cross-road scenarios.
and angular dispersions are characterized. It is found that
NLOS propagation yields a smaller quasi-stationarity region.
The azimuth characterization shows that for the ﬁrst type
of cross-road (i.e., the cross-road in scenario 1 of Fig. 1),
large azimuth direction spreads occur, whereas for the second
type cross-road (i.e., the cross-roads in scenarios 2 and 3 of
Fig. 1), small azimuth direction spreads in both LOS and
NLOS regions are observed, due to the road bending and the
obstructions of the roadside trees. Our results imply that the
scenario 1 of Fig. 1 is more safety critical due to its large
angular dispersion, and appropriate equalization technique is
thus required in this scenario.
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